It has been proposed that phylogenetic trees, intended to show divergence of eukaryotic protein and nucleic acid sequences, be extended to include those from bacteria. However, we have compared the amino acid sequences of 18 of the most divergent mitochondrial cytochromes c with those of 18 bacterial cytochromes c2 and have found that the average percentage difference between these mitochondrial cytochromes c and cytochromes c2 was not significantly greater than that among the cytochromes c2 alone. The large discontinuities in physical-chemical properties recognized between the prokaryote and eukaryote cytochromes render it highly improbable that members of the two classes should be no more different from one another than members of either class alone, assuming that sequence differences can accurately reveal evolutionary divergence. Instead, we propose that divergent amino acid sequences approach a limit of change considerably less than for comparison of random sequences. This limit of change presumably is determined by the structure/function relationship. When two homologous protein sequences have reached such a limit, convergence or back-mutations and parallel mutations become as frequent as divergent mutations. As two diverging proteins approach this steady-state condition, sequence differences no longer reflect the numbers ofmutations resulting in amino acid substitution and therefore species cannot be positioned on a phylogenetic tree. Insertions and deletions are less reversible than are amino acid substitutions and, provided they are well-documented, might be more reliable indicators of bacterial relationships. Nevertheless, we suggest that data available on bacterial protein sequences do not permit construction of all-inclusive phylogenetic trees. Comparisons of protein and rRNA trees suggest that similar restrictions apply to use of rRNA sequence data.
Phylogenetic trees constructed from protein sequences of eukaryotes agree reasonably well with those deduced from the fossil record, provided one is allowed to exclude a small number of unexplained anomalies (e.g., rattlesnake cytochrome c) (1) (2) (3) . It has been natural to hope that success would attend the use of sequence determination to derive such trees for prokaryotes and thus extend phylogeny beyond the fossil record. Basically, a phylogenetic tree is intended to show the relative order of divergence proceeding on the assumption that time intervals are proportional to the number of accepted mutations and can be estimated from protein or nucleic acid sequence differences. For using the "matrix method," large sequence differences are related to mutations by mathematical treatments, either deduced from empirical observations of proteins that have diverged to only a small degree (4) or on theoretical grounds (3) . That the numbers of mutations resulting in amino acid substitutions could be accurately estimated from protein sequence differences was not possible to test experimentally in the past because very different, yet homologous, sequences were not available. Only for this situation are the numbers of mutations expected to be significantly greater than sequence differences arising from multiple hits and back-mutations. Another tacit assumption is that functionality either is not relevant or is somehow automatically taken into account. In this article, we will present arguments that question the validity of these basic approaches for construction of phylogenetic trees.
RESULTS AND DISCUSSION
A matrix of binary comparisons of all known mitochondrial cytochromes c is shown as the frequency of percentage sequence difference in Fig. lA . The distribution is roughly bimodal. This is because the animal cytochromes are all very similar to one another and so are the plant sequences (0-30% difference), but cross-comparison of plant and animal sequences results in an average 46% difference. This is as expected for comparisons at the highest taxonomic level. Binary comparisons of the 18 most divergent mitochondrial cytochrome c sequences and of all 18 of the known cytochrome c2 sequences are plotted in Fig. 1 B and It is well known that mitochondrial cytochrome c is a basic protein that functions in the aerobic electron transfer pathway between cytochrome cl in the bc, reductase membrane complex and the cytochrome oxidase membrane complex. The standard redox potential is near 260 mV in all species and a number of positively charged side chains are necessary for interaction with its reaction partners (10) . Cytochrome c2 apparently also functions in respiration in the facultatively 217 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. aerobic bacteria but more generally acts as the immediate electron donor to reaction center chlorophyll in photosynthetic membranes (10) . It also serves as electron donor to the cytochrome cd type of nitrite reductase in some species and to a copper-containing nitrite reductase in others (10) . Conservation of function in electron transfer proteins is generally dependent on conservation of redox potential, electrostatics, and steric factors (11) . However, the standard redox potentials of the cytochromes c2 are not fixed at 260 mV but vary up to 470 mV. Thus, bacterial cytochromes c2 are poor substrates for bovine cytochrome oxidase, but nearly as effective with reductase (12), probably because of their higher redox potentials. The isoelectric points of cytochromes c2 range from very basic to very acidic and neutral.
Each of the functional roles of mitochondrial cytochrome c and bacterial cytochrome c2 should impose different constraints on the mutability of the cytochrome. In addition to the greater number of functional roles, the larger variation in redox potentials and isoelectric points in the bacterial cytochromes lead one to suppose that there should be a correspondingly greater variation in sequence. This is not the case. Therefore, the expectation that functional differences should be apparent from sequence comparisons is not borne out. The fact that the bacterial cytochromes c2 are structurally no different than the most diverse mitochondrial cytochrome c, but exhibit much greater variation in physical-chemical and functional properties, leads us to suggest there is a limit of structural change, which is much less than for scrambled sequence comparisons (estimated to be 94% by W. M. Fitch, personal communication).
If there is a limit to structural change, which is much less than random, then the other assumption underlying tree construction-that the numbers of mutations can be estimated from large sequence differences-must also be invalid. In the Atlas ofProtein Sequence and Structure (4), it is stated that "simultaneous and back mutations" were empirically determined for proteins that had recently diverged, and an extrapolation was then made to large sequence differences to estimate the number of "accepted mutations." Numbers so generated are plotted in Fig. 2 (curve A) . As sequence differences approach %94%, the number of accepted mutations asymptotically approaches infinity. According to these published estimates, the number of accepted mutations cannot reasonably be predicted when sequence differences are anywhere near this limit. As can be seen in Fig. 1 , bacterial cytochromes c2 and mitochondrial cytochromes c cannot accept much more than 60-70% change without presumed loss of function. Therefore, the region of sequence difference at which mutations might approach infinity for the cytochromes in question will be closer to 60-70% than to the 94% of Fig. 2 (curve A) . In curve B, we have replotted the published relationship to reflect infinite mutations at 60%o difference. For the c-type cytochromes considered herein, we assert that mutations cannot be predicted for those sequence differences within the normal distribution of the cytochrome c2 data-i.e., above z44% difference. This limit, based on data now available, can be expected to improve with future data acquisition. An appropriately deduced set of curves reflecting limits for all families of proteins having well-defined functions should be a prerequisite for tree construction, whether by this method or for any other that relies on matrices of sequence differences. Even The consequences of a functionally imposed limit to sequence variation have a bearing on general use of proteins for constructing evolutionary trees. Rapidly evolving proteins such as the fibrinopeptides may be considered to be those that reach a limit of variability in the region of random comparison because they probably have relatively few requirements for structural/functional maintenance. However, proteins that have a very high limit to sequence difference and that are difficult to align when insertions and deletions are involved cannot be used over a very wide range of taxa.
Moderately or slowly evolving proteins, such as mitochondrial cytochromes c, have functions demanding some degree of structural integrity. Such proteins in the range of moderate variability have enough conserved residues to aid in alignment and sufficient variable residues to obtain a reasonable estimate of mutations. On the other hand, it is possible that slowly evolving proteins (e.g., the histones) have such a low limit to sequence difference and therefore such a small fraction of effectively variable residues as to be valueless for constructing phylogenetic trees over any range of taxa. That is, the curve relating mutations to sequence differences would be so steep that reliable estimates of mutations could not be obtained.
We have shown that generalized phylogenetic trees based on protein sequences are invalid for most bacterial comparisons, and sequence data can be used only where there is conserved function and sequence variation is much less than the limit for that protein. Do the same restrictions also apply to ribosomal RNA comparisons where the overall function appears to be conserved? This question cannot be resolved fully until at least the three-dimensional structure is known and the different aspects of ribosomal function are understood. However, it has been noted that most bacteria considered herein branch from the same point in rRNA trees (9) , which is to say that the frequency of sequence differences in binary comparisons approximates a normal distribution from 42-66% difference (Fig. 1E ). This is not unlike our observations with the cytochromes c2. In fact, those few comparisons outside the normal distribution give roughly the same pattern of relationship as seen with the cytochromes. That is, Rps. sphaeroides, Rps. capsulata, and P. denitrificans (29-33% difference) appear to be specifically related and so do R. rubrum and R. photometricum (26% difference). Because the distribution of sequence similarities for rRNA is like that for the cytochromes from bacteria, it appears that there may also be a limit to variation for rRNA that is imposed by certain aspects of ribosomal function in this group of bacteria. Certainly, rRNA can vary to a greater extent in other types of bacteria, as can cytochrome c, but it appears that function deserves more attention than given in the past.
We have yet another indication that all-inclusive bacterial evolutionary trees may be invalid. When dendrograms for four separate gene products, cytochrome c-551, high potential iron-sulfur protein, cytochrome c', and rRNA are compared for four species (Fig. 3) (9) , cytochrome c-SSJ (13) , high redox potential ferredoxin (HiPIP) (14) , and cytochrome c' (15) from photosynthetic and denitrifying bacteria. Not all species are represented in each dendrogram because of limited distribution of the proteins.
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Proc. Natl. Acad. Sci. USA 83 (1986) well-defined properties such as presence or absence of specific proteins and enzymes or other molecules for which sequences or structure have been determined rather than poorly characterized morphological and physiological traits. The presence of shared insertions or deletions in proteins and nucleic acids may also be useful. Possibly we might paraphrase the poet, "Only God can make a tree."* However, we maintain a wary optimism that a natural classification for bacteria will eventually emerge.
*From the well-known poem "Trees" by Joyce Kilmer.
We appreciate the helpful comments of Drs. R. P. Ambler, D. Thatcher, G. W. Pettigrew, and W. M. Fitch. Generous support was provided by National Institutes of Health Grant GM21277.
